Abstract Protein tyrosine phosphatase, PTPL1, (also known as PTPN13, FAP-1, PTP-BAS, PTP1E) is a nonreceptor type PTP and, at 270 kDa, is the largest phosphatase within this group. In addition to the wellconserved PTP domain, PTPL1 contains at least 7 putative macromolecular interaction domains.
Introduction
The disruption of normal cell signaling is central to cancer development. Cancer cells depend on stress-response pathways for survival while pathways that control cell motility may be critical for metastasis. Many such signaling pathways rely on the phosphorylation of proteins on tyrosine residues. The reversal of such modifications by the activities of protein tyrosine phosphatases (PTPs) is, therefore, key to the proper regulation of these pathways (reviewed in [1] ). Of the known PTPs, only a few, such as PTP1B [2] , its close homolog TC-PTP [2] , and SHP2 [3] have been studied extensively and found to have roles in cancer and other disease processes (reviewed in [4, 5] ). Links to cancer initiation and progression remain unclear for other PTPs, such as PTPL1 (a.k.a. PTPN13, FAP-1, PTP-BAS, PTP1E). There is some evidence suggesting that PTPL1 may act as a tumor promoting gene, while other studies point towards a role for PTPL1 as a tumor suppressor. This dichotomy suggests that PTPL1 may act differently depending upon the disease context. In the present review, we propose that PTPL1 may affect cancer by modulating mechanisms of known oncogenic importance: stress-response, cell-growth and motility pathways.
Overview of PTPL1
PTPL1 was identified almost simultaneously by three independent groups, each of which gave it a different name: PTP1E, PTP-BAS and PTPL1, respectively [6] [7] [8] . Within a year, a yeast-two-hybrid screen revealed that PTPL1 interacts with the Fas Receptor (CD95/APO-1), a member of the tumor necrosis factor-receptor (TNFR) superfamily, and PTPL1 was given an additional name: Fas-Associated Phosphatase-1 (FAP-1) [9] .
Structure
PTPN13 (Genebank Gene ID: 5783) maps to the human chromosomal locus 4q21.3 and encodes a non-transmembrane PTP with a calculated molecular mass of about 270 kDa (for a comprehensive review of nomenclature see ref [10] ). We will refer to the protein in this manuscript as PTPL1. Human, murine and bovine PTPL1 have high levels of amino acid sequence homology, while the Xenopus protein is similar, but more distantly related to the mammalian proteins ( Fig. 1) . The protein structure comprises of an amino-terminal band 4.1/ezrin/radixin/moesin (FERM) domain, which is found in many cytoskeleton-associated proteins [11] . The central portion of PTPL1 contains five PSD-95/Discs-large/ZO-1 (PDZ) domains while the carboxy-terminal catalytic domain contains the wellconserved PTP active site motif ( Fig. 2(a) ). At the extreme amino-terminus of PTPL1 is a putative kinase noncatalytic C-lobe domain (KIND). The latter domain has been identified in silico by sequence homology and its possible function has not yet been studied experimentally [12] .
The FERM domain of PTPL1 binds to phosphatidylinositol 4,5-biphosphate leading to the enrichment of PTPL1 at a juxtamembrane localization [13] . However, the PTPL1 protein is also detected throughout the cytoplasm [13] . In HeLa cells, PTPL1 localizes to the centrosomes during metaphase and to the midbody during cytokinesis [14] .
Even though the PTP domains of protein tyrosine phosphatases share a high degree of sequence similarity [15] , the crystal structure of the PTP domain of PTPL1 reveals a secondary phosphotyrosine binding pocket next to the active site, which is similar to that found in the structure of PTP1B [16] . Consistent with a functional role for this pocket in substrate recognition, mono-phosphorylated substrates are dephosphorylated by PTPL1 more slowly when compared to bi-or tri-phosphorylated substrates [16] . The five PDZ domains within PTPL1 are responsible for direct binding to interacting proteins, which could either directly recruit phosphatase substrates or provide a multi-protein scaffold for the indirect binding of substrate proteins.
Transcriptional and post-translational regulation
Specific mechanisms of PTPL1 transcriptional and posttranslational regulation remain cryptic. PTPN13 lies in a head-to-head conformation with MAPK10/JNK3 and they share a 633 bp bi-directional promoter. This contains several putative transcription factor binding sites, including motifs for E2F, Sp1, GATA-1 and AP-1 [17] . An additional promoter sequence may also lie upstream within the MAPK10/JNK3 gene itself [18] . We have also shown that the PTPL1 promoter contains binding sites (GGAA) for the ets-family of transcription factors that are activated by the EWS-FLI1 fusion protein in the Ewing's Sarcoma Family of Tumors [19] .
Post-transcriptional processing of PTPL1 mRNA may lead to the production of four splice variants ( Fig. 2(b) ). Compared to the fourth variant, splice variants 1, 2 and 3 are missing nucleotides encoding five amino acids (VLFDK) within the second PDZ domain. The presence of these five amino acids eliminates protein binding to the second PDZ (PDZ2) domain of PTPL1 [20] . No study has yet evaluated the expression of these splice variants of PTPL1 in cancer cells nor have expression levels been correlated with either disease progression or metastasis. Additional regulation of PTPL1 may result from molecular interactions with lipids and/or proteins and subsequent changes in its intracellular localization.
Post-translational modification of PTPL1 occurs on serine/threonine and possibly tyrosine residues. Two candidate residues were recently identified following epidermal growth factor stimulation of HeLa cells and phosphoproteomic mass spectroscopy, T1336 and S1339 [21] . Mutation of T1336A led to a significant loss of phosphatase activity, while the S1339A mutation did not result in any significant change in activity. The kinase that phosphorylates these specific sites was not identified [21] . However, a search for protein kinase-A (PKA) substrates in Xenopus oocytes identified PTPL1 as a candidate. In vitro PKA phosphorylation of human PTPL1, immunoprecipitated from HEK293 cells, led to a 50% reduction of phosphatase activity [22] . However, the specific residues phosphorylated by PKA were not identified. These two publications provide preliminary evidence for post-translational regulation by phosphorylation. However, they differ with regard to the effects of phosphorylation, with mutation of T1336 to alanine leading to reduced activity of PTPL1 while phosphorylation by PKA also appeared to inactivate the phosphatase. It is of course possible that the inactivation of PTPL1 by PKA could be mediated via an as yet unmapped site which is distinct from T1336 and that the activity of PTPL1 could be modulated both positively and negatively by multiple signalling pathways.
A recent publication suggested that PTPL1 is phosphorylated on Y2224 within Motif 1 of the PTP domain, which is conserved in 80% of the PTPs [23] . Unfortunately, data was not presented to support this claim and additional investigations are clearly necessary to further understand the role of tyrosine phosphorylation in any post-translational regulatory mechanisms of PTPL1.
Formation of macromolecular complexes
Based on the presence of a number of well-characterized interaction motifs, PTPL1 has the potential to bind to both proteins and lipids. PTPL1 may therefore function, in part, as a docking protein. These intermolecular interactions may contribute to the regulation of PTPL1 phosphatase activity. The putative scaffolding function of PTPL1 may also lead to the formation of multi-protein complexes that could act to recruit phospho-tyrosine containing substrates to the catalytic domain of PTPL1.
A complete understanding of various PTPL1 domains in mediating both protein-lipid and protein-protein interactions will be critical in resolving the functional role of PTPL1 in cancer (Fig. 3 ). The FERM domain, which is located near the amino-terminus of PTPL1, binds to phosphatidylinositol biphosphates (PIP2) and triphosphates (PIP3), which facilitate juxtamembrane targeting [13] . These associations are consistent with the behaviour of other FERM-domain-containing proteins that interact with the cell membrane by binding to PIP2 [24] . The FERM domain can localize PTPL1 to the inner-leaflet of the cell membrane where it may interact with these proteins. Additionally, the association of PTPL1 with PIP2 and/or TAPP1/2, supports the hypothesis that PTPL1 is not only localized to the cell membrane but could also alter its localization in response to different extracellular stimuli.
The first PTPL1 PDZ domain (PDZ1) binds a family of PIP2-binding adaptor proteins known as tandem-PHdomain-containing proteins 1 and 2 (TAPP1/2) [25] . Endogenous PTPL1 and TAPP1 co-localized predominant- Fig. 3 Schematic representation of PTPL1 interacting molecules and substrates. Each interacting molecule was assigned to a category respective of its main function in the cell as described in the text. The molecules can be of any group: a receptor molecule in stress-response pathways, a receptor molecule in cytoskeletal/motility pathways, a non-receptor molecule in stress-response pathways, a non-receptor molecule in cell cytoskeletal/motility pathway, a non-receptor molecule in cell survival pathways, or a receptor molecule in cell survival pathways. Each molecule is placed on PTPL1 to where they are described to bind as in the text ly in the cytoplasm, while an H 2 O 2 -stimulated increase of intracellular PIP2 levels led to higher levels of colocalization between endogenous TAPP1 and PTPL1 at the cell membrane [25] . In addition to the TAPP1/2 interactions, PDZ1 has been shown to bind the inhibitor of nuclear factor kappa-B alpha (IκBα) [26] as well as the transient receptor potential (TRP) superfamily member TRPM2 [27] .
The second PDZ domain of PTPL1 (PDZ2) binds the TNFR superfamily member Fas [28] . The Serine-LeucineValine (SLV) tripeptide at the carboxy-terminus of Fas is sufficient for binding to PDZ2 of PTPL1 [28] . Cells pretreated with Fas antibodies, to activate Fas-mediated apoptosis, and then injected with the SLV tripeptide, which inhibits the binding of PTPL1 to Fas, showed significantly increased levels of apoptosis when compared to cells injected with a control peptide [29] . The consequences of Fas tyrosine phosphorylation will be discussed in Section 3. In addition to Fas, PDZ2 also binds the three carboxyterminal residues of the neurotropin receptor p75 NTR , which is also a member of the TNFR superfamily [30] . Finally, PDZ2 binds to thyroid hormone receptor-interacting protein 6 (TRIP6, a.k.a. zyxin related protein-1, ZRP1) [31] .
While the third PDZ domain within PTPL1 (PDZ3) has not yet been associated with protein binding, the fourth PDZ domain of PTPL1 (PDZ4) has as many binding partners as the second PDZ domain and these include Fas, which also binds PDZ2 [28] . A novel protein PARG1 (PTPL1-associated RhoGAP1) was identified through a yeast-two-hybrid screen for PTPL1-interacting molecules [32] . And lastly, EphrinB1, a transmembrane ligand for Bclass Ephrin receptor tyrosine kinases also binds PDZ4 [33] . PTPL1's final PDZ domain (PDZ5) has thus far only been shown to bind to TRPM2, which also binds PDZ1 [27] . Although a number of interacting molecules have been described, few have been definitively identified as PTPL1 substrates.
Substrates
The highly transient nature of PTP-substrate complexes has made the identification of PTP substrates very challenging (Fig. 4) . This process has become easier within the last decade by an approach for substrate identification called "substrate-trapping," first described by Flint et al. [34] . Substrate trapping identification of putative substrates requires rigorous experimental criteria for confirmation, as proposed by Tiganis and Bennett [35] , to avoid false positive results. Thus far, IκBα is the only PTPL1 binding partner [26] that is also a putative PTPL1 substrate, identified in vitro using a cys to ser trapping mutant [36] . A recent report suggests the insulin receptor substrate-1 (IRS-1) as a putative PTPL1 substrate [23] . A substrate-trapping mutant of PTPL1 precipitated phospho-IRS-1 in insulin-like growth factor stimulated cells that over-expressed exogenous IRS-1 [23] . In a similar experimental design, a substrate-trapping mutant of PTPL1 co-immunoprecipitated with HER2 in epidermal growth factor stimulated HEK293 cells that over-expressed exogenous HER2, thus making it a putative substrate [21] . STAT4 was identified as a putative substrate of PTP-BL, the mouse homolog of PTPL1 [37] . Additional work will be necessary in order to definitively prove that IκBα, IRS-1, HER2, and STAT4 are bona fide substrates of PTPL1.
Effects of gene targeting experiments for PTP-BL in mice
Two mouse models using homologous recombination for targeted deletion of PTP-BL (the murine PTPL1 homolog) have now been published. The first one is a partial 'knockout' of PTP-BL, resulting in the expression of a truncated protein [38] . These PTP-BL ΔP/ΔP mice express a protein containing the FERM and 5 PDZ domains, but which lacks the catalytic PTP domain. These mice develop normally but were found to have a mild deficiency in motor neuron repair [38] and a significant reduction in the growth of retinal glia cultures from lens-lesioned mice when compared to wild-type mice [39] . The second model created was a complete knock-out of PTP-BL. These PTP-BL deleted mice demonstrated increased STAT4 phosphorylation in CD4 + -T cells upon IL-12 and T-cell receptor activation [37] . The PTP-BL deleted mice also demonstrated enhanced maturation of T-cells and increased immune modulated killing following the inoculation of bacteria into their lungs [37] . These studies suggest that while PTPL1 is not critical for normal murine development, this phosphatase may participate in very different aspects of cellular physiology. While the overall effects of PTPL1 deletion in Fig. 4 Putative substrates of PTPL1. According to the guidelines suggested by Tiganis and Bennett [35] for the identification of bona fide PTP substrates, the evidence of a substrate has to be confirmed by three experimental criteria. Criterion 1 states that the presence of an enzyme-substrate complex has to be demonstrated both in vivo and in vitro. Criterion 2 states that the substrate tyrosine levels could be modulated by introducing substrate-trapping mutants of the PTP or altering endogenous PTP protein levels. Criterion 3 states that the phospho-substrate could be dephosphorylated in vitro by the PTP. The experimental evidence provided that fulfills any of these criteria for each putative PTPL1 substrate described in the text has been marked 'knock-out' mice do not give significant clues to any role in cancer, a number of biochemical and epigenetic studies do indicate that PTPL1 may have a potential function in this disease.
Functions of PTPL1 and its role in cancer
Tumors often grow under conditions of stress, such as hypoxia and nutrient deprivation that would normally trigger apoptosis. However, cancer cells adapt to these conditions using a number of strategies to ensure survival. Protein tyrosine phosphorylation transduces signals for cellular stress-response pathways that modulate cell survival, therefore dephosphorylation of substrates by PTPL1 may regulate this endpoint. The dysregulation of these cell survival pathways leads to cancer and ultimately metastasis. An examination of PTPL1 interacting proteins and emerging substrates suggests that PTPL1 has multiple and potentially divergent roles in cancer (Figs. 3 and 4) . The induction of PTPL1 by an oncogene and relative increase of PTPL1 levels in tumor tissues supports a role in tumor promotion. In contrast, epigenetic studies are more consistent with a role for PTPL1 as a tumor suppressor.
PTPL1 as a tumor promoter
While there is no direct evidence that PTPL1 is an oncogene per se, PTPL1 is implicated in oncogenesis via modulation of cell growth and stress-responses. PTPL1 is a direct transcriptional target of the Ewing's Sarcoma Family of Tumors (ESFT) oncogene, EWS-FLI1. PTPL1 interactions with Fas may lead to direct modulation of stressrelated pathways in favor of tumor cell survival. PTPL1 interaction or modulation of p75 NTR , transient receptor potential M2 (TRPM2), and NFκB may also support tumor cell survival under stress conditions. In these scenarios, PTPL1 may not necessarily be an oncogene, but could provide a significant advantage for tumor growth.
ESFT contains a pathognomonic chromosomal translocation (t (11;22) ) and expresses the EWS-FLI1 fusion protein [40] . PTPL1 is highly expressed in ESFT cells both in comparison to other childhood tumors and in EWS-FLI1 expression models [41] [42] [43] . Our findings in ESFT suggest that PTPL1 is a direct transcriptional target of EWS-FLI1 and both promotes cell growth and oncogenesis [19] . Reduction of PTPL1 protein levels, using an antisense strategy, leads to highly significant reductions in both anchorage-dependent and anchorage-independent cell growth [19] . PTPL1-depleted ESFT cells also displayed an increased sensitivity to etoposide induced apoptosis when compared to control cells, although there was no significant difference in basal levels of apoptosis [19] . Our results correlated well with a pilot study using an ESFT tissue microarray, which observed a trend towards increased PTPL1 staining in metastatic ESFT samples compared to localized disease [19] . Ongoing studies by our group are focused on the identification of bona fide PTPL1 substrates and PTPL1-modulated pathways of motility and oncogenesis.
Activation of Fas (CD95/APO-1) by engagement of the tumor necrosis factor (TNF) Superfamily trimeric Fas ligand (FasL/CD95L) is a well recognized homeostatic system for cell growth regulation, particularly in the immune system [44] . Activation of Fas by FasL leads to caspase-8 mediated apoptosis. Many types of cancer cells express both Fas and FasL, yet, these cells do not die by apoptosis. This is because these cells have developed strategies to avoid cell death, thereby maintaining their malignant growth. PTPL1 expression was reported to inhibit Fas-mediated apoptosis in both pancreatic adenocarcinoma [45, 46] and melanoma [47] cell lines thus acting as a survival mechanism in tumor cells expressing both Fas and FasL. Additional tumor models of ovarian cancer [48] , colon cancer [49] , head/neck cancer [50] , hepatocellular carcinoma [51] , and hepatoblastoma [52] also showed a correlation between tumor cell survival in the presence of both Fas/FasL and expression of PTPL1. While some functional and correlative evidence exists for the regulation of Fas by PTPL1, at least one potential mechanism is explored below.
Fas, under conditions of stress, could initiate cell death to prevent the survival of a damaged cell. The modulation of Fas-mediated cell death by PTPL1 may derive from its ability to regulate the cellular localization of Fas. The maintenance of Fas in the plasma membrane may be regulated by tyrosine phosphorylation and could thus be reversed by PTPL1 expression. PTPL1 could enhance tumor growth by blocking death signaling. Experiments in melanoma and human embryonic lung fibroblasts demonstrate that expression of wild-type PTPL1 reduced Fas expression at the cell surface, while expression of either a PTP-domain-deleted PTPL1 or a PDZ-domain-deleted PTPL1, increased Fas levels at the cell surface [47] . Following either hyperosmotic stress or Fas ligand binding, the epidermal growth factor receptor (EGFR) tyrosine kinase was shown to phosphorylate cytosolic Fas, which is a prerequisite for Fas targeting to the membrane [53] . Mutation of a C-terminal tyrosine residue of Fas, Y275 (residue 291 on full-length Fas), resulted in decreased PTPL1 binding and increased Fas protein on the surface [47] . This altered tyrosine residue also results in loss of membrane localization when mutated together with a second C-terminal tyrosine residue (Y232 on full-length Fas) [53] . Dephosphorylation of Fas by PTPL1 might impede its membrane targeting, which therefore could result in increased cancer cell survival.
Additional evidence that PTPL1 plays a role in tumor cell survival following cellular stress is provided by studies of its interactions with p75 NTR , TRPM2, and IκBα. The mechanisms of p75 NTR function in the modulation of cell death signaling are somewhat confused and require resolution [54, 55] . Tyrosine phosphorylation of p75 NTR induces its ubiquitination [56] and its potential proteosomal degradation, while dephosphorylation of p75 NTR by PTPL1 may stabilize the protein leading to an increase in its intracellular level, thus promoting cell survival. TRPM2, a member of the transient receptor potential (TRP) superfamily that binds to PDZ1 and/or PDZ5 within PTPL1, is phosphorylated in response to either oxidative stress or TNFα treatment [27] . Phosphorylation then results in an influx of extracellular Ca +2 and leads to apoptosis [27] . Cells transfected with PTPL1 display reduced TRPM2 phosphorylation and a corresponding reduction in Ca +2 influx leading to cell survival [27] . IκBα, which has also been identified as a PTPL1 substrate, is a negative regulator of the NFκB stress-response pathway. While the prevalent mechanism of regulation of IκBα is through Ser32/36 phosphorylation, tyrosine phosphorylation of IκBα has also been observed on Y42 [57] and Y305 [58] . PTPL1 may modulate NFκB signaling by dephosphorylating IκBα. Interestingly, Y42 phosphorylation of IκBα is a stimulusdependent phenomenon that only occurs after hypoxia and to some extent, reoxygenation, and results in activation of NFκB [59] . On the other hand, Y305 phosphorylation results in the inhibition of NFκB signaling [58] , therefore dephosphorylation of this residue activates NFκB.
In addition to the functional data described above, many investigators have shown relatively higher levels of PTPL1 expression in multiple carcinomas compared to the normal adjacent tissue as detected by immunohistochemistry [60] . Our data in ESFT patient samples also suggest that PTPL1 could be important in promoting tumor growth. The presence of high levels of PTPL1 in tumor tissues would argue against PTPL1 as a tumor suppressor, however, the highly expressed PTPL1 could be a mutant protein.
Mutational analysis is necessary to determine if there is a correlation between immunohistochemical protein levels and mutations. Overall, additional data is required to clarify the conditions when PTPL1 functions as a tumor promoter.
PTPL1 in metastasis
PTPL1 binds to a number of lipids and proteins that can regulate cell shape and motility and might therefore play an important role in cancer metastasis. These include PIP2, TAPP1/2, EphrinB1 and PARG1. The FERM domain of PTPL1 binds PIP2 as an intermediate step in plasma membrane localization [24] . TAPP1/2 are cytoplasmic adaptor proteins that can shuttle to the cell membrane via PIP2 binding and remodel the actin cytoskeleton [61] . EphrinB1 is a member of a class of transmembrane proteins that modulate many physiological functions including, but not limited to, cell motility [62] . EphrinB1 contains a PDZ binding motif and binds to PTPL1 [33] . Furthermore, EphrinB1 was dephosphorylated in vitro by PTP-BL [63] . Heterologous co-expression of EphrinB1 and a cys to ser PTP-BL substrate trapping mutant in HeLa cells also led to increased EphrinB1 tyrosine phosphorylation [63] . While no specific motility studies were performed, the effect of PTPL1 upon Ephrin B1 might contribute to cell metastases through altered cell motility. Finally, PARG1, the PTPL1 Associated RhoGAP1, binds to PTPL1 through a PDZ domain and regulates cytoskeletal remodeling/motility leading to altered cell morphology [64] . Thus PIP2, TAPP1/2, EphrinB1 and PARG1 together are involved in the maintenance of the cytoskeleton, which is critical for cell motility. The interaction of PTPL1 with proteins important to cell motility may explain why there is an increase in PTPL1 in metastatic Ewing's Sarcoma [19] as well as in some other solid tumors [60] . Even though these PTPL1 binding proteins have not been described as substrates, it is plausible to argue that PTPL1 can act as a scaffold in the cell, providing the optimal environment for protein interactions.
PTPL1 acting upon the cytoskeleton may reduce metastatic potential. Thyroid receptor interacting protein 6 (TRIP6, a.k.a. Zyxin-related protein 1, ZRP-1) modulates lysophosphatidic acid (LPA)-induced cell migration. In ovarian carcinoma cells, the endogenous expression of PTPL1 reduces phosphorylation of TRIP6, leading to decreased cell motility [65] . PTPL1 levels were directly reduced in ovarian carcinoma using shRNA and these PTPL1 reduced cells demonstrated increased motility [21] . A functional interaction with TRIP6 is supported by the previous detection of binding to PTPL1 in a yeast 2-hybrid assay [31] . The reduction of cell motility may be more indicative of a tumor suppressor rather than a tumor promoter.
PTPL1 as a tumor suppressor
Tumor suppressor genes encode proteins that either prevent or reverse oncogenic transformation. PTPL1 may either directly or indirectly interact with key proteins or dephosphorylate key substrates in order to reduce tumor growth. While many of the experiments, discussed previously, show that PTPL1 can support cell survival by disrupting Fas signaling, ectopic expression of PTPL1 leads to apoptotic cell death in colon adenocarcinoma [66] . Certain cell lines with high PTPL1 levels were quite sensitive to Fas induced apoptosis, however, overall PTPL1 levels did not correlate with cell death [67] . Additional evidence for PTPL1 as a tumor suppressor comes from epigenetic studies, and insulin-like growth factor (IGF) signal modulation.
PTPL1's role as a tumor suppressor is supported by epigenetic experiments including the observation that the PTPL1 promoter is hypermethylated and also from mutation analysis, both of which are common mechanisms of inactivation for classical tumor suppressor genes. Hypermethylation of the PTPL1 promoter was found in lymphomas and a small number of carcinomas, including gastric and hepatocellular tumors [68] . Similarly, another study on hepatocellular carcinoma identified down regulation of PTPL1 mRNA in about 50% of cases due to promoter hypermethylation or allelic loss [69] . A large-scale study that looked at the mutations in the tyrosine phosphatome from colorectal cancers identified PTPN13 (the PTPL1 gene) as among the most frequently mutated PTPs [70] . The authors identified 19 mutations, non-sense and missense, in PTPN13, seven of which were in the PTP domain [70] . The physiological function of some of these mutant proteins led to altered phosphatase activity [21] . When the five missense mutations in the catalytic domain of PTPL1 were studied in vitro, four mutations led to amino-acid substitutions but without altered phosphatase activity. The fifth led to the M2307T [16] , where M2307 is a highly conserved residue among PTPs [15] . This M2307T produced a protein with a seven-fold higher K m and two-fold lower k cat potentially leading to a decrease in the catalytic activity of PTPL1 [16] .
Further evidence for PTPL1 as a tumor suppressor comes from a series of studies in breast cancer cells. PTPL1 was identified as one of the transcripts upregulated in breast cancer cells after tamoxifen treatment [71] . Stable antisense-mediated reduction of PTPL1 protein levels partially protects breast cancer cells from tamoxifeninduced apoptosis [72] . The reduction in PTPL1 levels increased PI3-K activity and AKT phosphorylation after pretreatment with tamoxifen and stimulation with IGF [72] . Recently, IRS-1 was identified as a putative PTPL1 substrate, as discussed previously [23] . A sustained phospho-IRS-1 signal results from coexpression of IRS-1 and a substrate-trapping mutant of PTPL1 or after siRNAmediated reduction of PTPL1 protein levels [23] . Enhanced cell survival as a result of reducing PTPL1 is consistent with PTPL1 acting as a tumor suppressor.
Conclusions
There is data to support PTPL1 acting as both tumor promoter and suppressor in a variety of cancer models. It appears that the role of PTPL1 in cancer depends on the cellular context in which PTPL1 is studied. Some studies, most notably in colon carcinoma, have provided conflicting results regarding the functional role of PTPL1. PTPL1 modulates the cellular stress response and may potentiate cell survival. PTPL1 may also affect cytoskeletal remodeling and motility pathways in ways that either contribute to cancer metastases or reduce cell motility.
In order to clarify the role of PTPL1 under different conditions or tumor types, we need a better understanding of the biochemical role of PTPL1 in the cell. The identification of PTPL1 substrates is critical in understanding the signaling pathways modulated by PTPL1. More detailed studies on PTPL1 knock-out mice may also illuminate potential redundant gene functions explaining the minimal phenotype. Valuable insights into the role of PTPL1 in cancer and metastasis could also be gleaned through analysis of PTPL1 knock-out mice crossed with animals either lacking specific tumor suppressor genes or transgenic/knock-in animals expressing dominant oncogenes resulting in an increased incidence of spontaneous tumors. One caveat with respect to studies in mice, is that murine Fas lacks the tripeptide repeat present in the human protein that accounts for PTPL1 binding [73] . Finally, as is the case for many other protein tyrosine phosphatases, an understanding of physiological function of PTPL1 is greatly hampered by the lack of specific pharmacological inhibitors. The structural homology between the catalytic domain of PTPL1 and PTP1B may provide a basis for the development of these critical tools based on compounds that are relatively specific inhibitors of the latter enzyme [74] .
PTPL1 is among the largest of the intracellular protein tyrosine phosphatases and may have multiple functions. Future work should clarify how PTPL1 functions, in the context of different tumors, to identify when PTPL1 will act as a tumor promoter or suppressor protein. It is hoped that these investigations will clarify the role of PTPL1 as a predictor of disease outcome or a potential therapeutic target in human cancer.
